Abstract Photoreactivation of Escherichia coli K12 (IFO 3301), in the presence or absence of yeast extract (YE), was investigated after inactivation by low-pressure UV lamp. An endonuclease sensitive site (ESS) assay was used to determine the UV-induced pyrimidine dimers in the genome of E. coli, while a colonyforming ability (CFA) test was also used to examine the survival ratio of E. coli. The YE solution reduced the CFA recovery at a final concentration of 125 mg/L. A dialysis of the YE solution indicated that the YE fraction (with nominal molecular weight >1,000 and <3,500) was effective at repressing the CFA recovery. Interestingly, the repair of ESS was equivalent regardless of the presence of the YE dialysate, while the CFA recovery was significantly repressed in the presence of YE. It was, therefore, suggested that YE components, probably with molecular weights of 1,000-3,500, were effective at repressing the CFA recovery of E. coli without affecting the ESS repair during photoreactivation.
Introduction
Ultraviolet (UV) disinfection is becoming more common and popular in many countries because of its high inactivation efficacy against bacteria, viruses and (oo)cysts of parasites in water and wastewater (Abbaszadegan et al., 1997; Clancy et al., 1998; Craik et al., 2000; Huffman et al., 2000; Morita et al., 2002) . The germicidal effect of far-UV light (UV-C and UV-B: 220-320 nm) is mainly due to the formation of pyrimidine dimers in the genome DNA (Harm, 1980) . However, many organisms possess mechanisms (e.g. photoreactivation, excision repair) to repair the UV-induced genome lesions (Harm, 1980; Friedberg et al., 1995) .
Photoreactivation is a light-dependent DNA repair mechanism which allows photorepair of pyrimidine dimers with a specific enzyme, photolyase. The most effective light for enzymatic photorepair is in the range between near-UV and visible light (310-480 nm), which is definitely emitted by solar radiation and room lamps. Therefore, photoreactivation may occur in UV-treated water and wastewater under photoreactivating light, resulting in a significant disinfection failure. Accordingly, photoreactivation control should be important for the development of a reliable UV disinfection system. There would be two major options to manage photoreactivation: one is to repress photoreactivation if possible, and the other is to determine photoreactivation quantitatively and compensate the potential repair with higher inactivation levels in advance. Photoreactivation of microorganisms in water may be affected by coexistent matter in water, such as dissolved organic matter. Meanwhile, the excision repair in E. coli has been reported to be repressed by yeast extract (YE) (Swenson, 1976) . From this background, the purpose of this study was to investigate the repressive effects of YE on photoreactivation of E. coli. A dialysis technique was used to determine the most effective YE fraction at repressing repair. An endonuclease sensitive site (ESS) assay was used to determine UV-induced pyrimidine dimers in the genome of E. coli; a conventional cultivation test was also performed to characterise photoreactivation of E. coli from the viewpoint of its colony-forming ability (CFA).
Materials and methods

Microorganisms
A pure culture of Escherichia coli K12 (IFO3301; Institute for Fermentation, Osaka, Japan) was incubated in LB broth (Difco) (37°C, overnight). The growth was collected by centrifugation (7,000×g, 10 min), washed twice (sterile PBS) and finally suspended in the phosphate buffer at 4-6 × 10 6 CFU/mL. The suspension (40 mL) was placed into a sterile Petri dish (100 mm diameter) to a depth of 5.1 mm and subjected to light exposures.
Yeast extract
YE (5 g, Difco) was dissolved in 100 mL pure water (Millipore) and autoclaved. The YE stock solution was added to the E. coli suspension between UV exposure and fluorescent light irradiation at a final YE concentration of 125 mg/L. Meanwhile, the YE stock was dialysed against a 10× volume of sterile PBS, using a dialysis tube with nominal molecular weight (MW), with a cut-off of either 1,000 or 3,500 (Spectra Pore, Funakoshi, Japan). An overnight dialysis was carried out to recover the dialysate inside or outside the tube. Each of the recovered YE dialysates was added to the E. coli suspension as before at a final 125 mg/L.
UV and fluorescent light exposures
Two low-pressure UV lamps (Stanley germicidal lamp, 20 W, Toshiba) were used for the inactivation procedures. The fluence rate at 254 nm was 0.24 mW/cm 2 , determined by the biodosimeter using bacteriophage Qβ (Kamiko and Ohgaki, 1989) . The UV fluence was fixed at 6 mJ/cm 2 to achieve 3-log inactivation of the CFA ratio, according to the colonyforming test (detailed below). Each 3-log inactivation was followed by photoreactivation procedures. The inactivated E. coli suspensions were immediately mixed with the YE solution as described above, and subsequently exposed to fluorescent lamps (18 W, Hitachi) at 20°C (3 h) to allow photoreactivation. The fluence rate of the fluorescent lamps was 0.1 mW/cm 3 at 360 nm measured by a UV radiometer (UVR-2 UD-36, Topcon). All E. coli suspensions were constantly stirred magnetically throughout the experiment before plating. All procedures, except the UV or fluorescent lamp exposures, were performed under dark conditions to avoid unexpected photoreactivation.
Colony-forming test
The CFA of E. coli was determined by incubation (37°C, 18 h) on deoxycholate acid agar medium (Eiken; JWWA, 1993). The number of colony-forming units (CFU) was counted and the ratio of CFA was determined using where CFA t was the ratio of CFA at time t, N t was the number of CFU at time t and N 0 was the number of CFU before UV irradiation.
Endonuclease sensitive site assay
The number of UV-induced pyrimidine dimers in the genomic DNA of E. coli was determined by an endonuclease sensitive site (ESS) assay. This allowed recognition of pyrimidine dimers as ESSs with a dimer-specific UV endonuclease (Sutherland and Shih,
). Conditions for the ESS assay were basically the same as previously (Oguma et al., 2001 . The suspensions of E. coli were centrifuged (7,000×g, 10 min) and the pellets subjected to genome DNA extraction procedures (Genomic-tip, Qiagen). The obtained DNA suspensions were concentrated using centrifugal filter devices (Centricon, Millipore) and resuspended in a UV endonuclease buffer (30 mM Tris pH 8.0, 40 mM NaCl, 1 mM EDTA). The DNA preparations were incubated (37°C, 45 min) with a UV endonuclease which was separately prepared from Micrococcus luteus (Carrier and Setlow, 1970) . The endonuclease treatment was followed by the addition of an alkaline loading dye (final 100 mM NaOH, 1 mM EDTA, 2.5% Ficoll, 0.05% bromocresol green). Subsequently, all samples were electrophoresed (0.5 V/cm, 16 h) on alkaline agarose gels in an alkaline buffer (30 mM NaOH, 1 mM EDTA) with a molecular length standard (T4dC + T4dC/Bgl. digest mixture, 8GT, Wako). After electrophoresis, the gels were stained (0.5 µg/mL ethidium bromide solution) and analysed by computer systems (Gel Doc 1000, Molecular Analyst, BioRad). The mid-point of the mass of DNA (photographically determined) was converted into the median molecular length (L med ) of the DNA relative to the migration distance of the molecular length standards. The average molecular length (L n ) of the DNA was obtained using (Veatch and Okada, 1969) where L n(+UV) and L n(-UV) were L n of UV-irradiated and non-irradiated samples respectively. The ESS remaining ratio (the ratio of the number of ESS during repair procedures to the number of ESS before repair) was defined by where t was the time after UV irradiation.
Results and discussion Table 1 shows the effects of YE or its dialysate on the CFA recovery of E. coli. The CFA recovery was significantly repressed by YE at the final concentration of 125 mg/L. When YE dialysates were used, the fractions with molecular weights >1,000 and <3,500 were effective at repressing recovery. This result suggested that the YE components of 1,000-3,500 MW would be responsible for the repair repressive effects of YE. Figure 1 shows the profiles of CFA ratio in the presence or absence of the YE dialysate with MW <3,500. As shown in Figure 1 , the CFA recovery was significantly repressed with the YE dialysate.
In contrast to the CFA repression, ESS repair was equally observed regardless of the presence or absence of the YE dialysate. Figure 2 shows an ESS gel image for the J. Oguma et al.
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ESS remaining ratio = ESS / base at ESS / base at = t t 0 photoreactivation of E. coli. The genome of E. coli produced a smear image immediately after UV exposure (lane 3), indicating the formation of ESS. When the UV exposure was followed by fluorescent light irradiation, the migration distance of the DNA fragments decreased along with the increase of fluorescent light exposure time (lanes 4-7, 8-11), indicating the photorepair of ESS. Gel images were analysed to obtain Figure 3 showing the obvious ESS repair under fluorescent light exposures regardless of the presence or absence of the YE dialysate. Table 2 summarises the effects of YE dialysate on the photoreactivation of E. coli.
As one of the agents to inhibit DNA repair mechanisms, caffeine is known to reduce photoreactivation as well as dark repair (Harm, 1970; Swenson, 1976; Selby and Sancar, 1990 ). This inhibition is antagonistic, i.e. caffeine attaches to the damage instead of repair Figure 2 ESS gel image for E. coli photoreactivation in the presence or absence of YE dialysate (Lanes 1,12 standard markers; 2 no UV; 3 UV at fluence 6.0 mJ/cm 2 ; 4-7 UV at 6.0 mJ/cm 2 followed by fluorescent light exposures without YE for 60, 120, 180 and 240 min; 8-11 UV at 6.0 mJ/cm 2 followed by fluorescent light exposures with YE dialysate (MW <3,500) for 60, 120, 180 and 240 min) Log 10 (recovered CFA) 2.14 ± 0.11 (n = 3) 0.49 ± 0.32 (n = 4) Repaired ESS (%)
89.2 ± 4.76 (n = 3) 94.3 ± 6.55 (n = 4) enzymes and, therefore, hinders the enzymatic DNA repair. In this kind of inhibitory mechanism, the repression of CFA recovery should be always associated with the failure in ESS repair. Meanwhile, the results of this study indicated the repression of CFA recovery without any inhibition of photo-enzymatic DNA repair. Several reports have shown that the excision repair in E. coli (Swenson, 1976) and Aeromonas salmonicida (Liltved and Landfald, 1996) was suppressed by a low concentration of YE. However, the inhibitory mechanism of YE is not yet well understood because of the difficulty identifying the exact constituents and properties of YE. The results of this study could be informative to understand the unknown action scheme of YE to inhibit DNA repair mechanisms. Moreover, repair repressive agents might be positively utilised to develop a UV disinfection system with less risk of repair.
Conclusions
Yeast extract was effective at repressing the CFA recovery of E. coli during photoreactivation. Among YE dialysates, the fractions with nominal MW >1,000 and <3,500 were responsible for the repression. Accordingly, the YE components with MW 1,000-3,500 may play a role in repressing the CFA recovery during photoreactivation. In contrast to the repression of CFA recovery, ESS repair was equivalent regardless of the presence or absence of YE dialysate, suggesting that YE dialysate repressed the CFA recovery without inhibiting ESS photorepair. 
